Abstract Cisplatin often shows the drug resistance which could limit the chemotherapeutic efficacy. Thus, it is necessary to develop anticancer agents against cisplatin-resistant cancer cells. To identify pharmacophores exhibiting the cell growth inhibitory effect against cisplatin-resistant A2780/Cis ovarian cancer cells, we prepared 35 synthetic polyphenols bearing naphthalene skeleton including naphthalenyl chalcones, naphthalenyl flavones, naphthalenyl flavanones, 4,5-dihydro-1H-pyrazol-3-yl)naphthalen-2-ols, naphthalen-1-yl-N-phenyl-4,5-dihydro-1H-pyrazole-1-carbothioamides, and 4,5-dihydro-1H-pyrazol-3-yl)naphthalen-1-ol. The correlation between their inhibitory effects and structural properties was evaluated using hologram quantitative structure activity relationship and comparative molecular field analysis. The pharmacophores derived here can lead us to design new polyphenols against the growth of cisplatin-resistant cells.
Introduction
Cisplatin has been used for the chemotherapy of various cancers including ovarian cancer [1, 2] . However, it often shows the drug resistance, which could limit the chemotherapeutic efficacy [3] . The patients with neoplastic lesions showed a resistance against the cytotoxicity of cisplatin [4] . Even though its complete mechanism has not been elucidated, the imperfection of DNA repair pathways raises a doubt for its reason [5] . Thus, it is necessary to develop anticancer agents against cisplatin-resistant cancer cells. Previously, we have demonstrated that polyphenols containing a cinnamaldehyde structure displayed anti-tumor activity in cisplatin-resistant ovarian cancer cells [6] . However, the inhibitory effect of naphthylated polyphenols on the growth of cisplatin-resistant cells remains unclear. Here, we prepared 35 synthetic polyphenols bearing naphthalene skeleton including naphthalenyl chalcones, naphthalenyl flavones, naphthalenyl flavanones, 4,5-dihydro-1H-pyrazol-3-yl)naphthalen-2-ols, naphthalen-1-yl-Nphenyl-4,5-dihydro-1H-pyrazole-1-carbothioamides, and 4,5-dihydro-1H-pyrazol-3-yl)naphthalen-1-ol (Table S1 ). To identify pharmacophores exhibiting the cancer cell growth inhibitory effect (GI) against cisplatin-resistant A2780/Cis ovarian cancer cells, the correlation between structural properties of 35 synthetic polyphenols and their GI values was evaluated using hologram quantitative structure activity relationship (HQSAR) and comparative molecular field analysis (CoMFA). The pharmacophores derived here can lead us to design new polyphenols against the growth of cisplatin-resistant cells.
Materials and methods
The experiments to obtain, culture, and maintain the human cisplatin-resistant A2780/Cis ovarian cancer cells followed the methods reported previously [6] . Thirty-five synthetic polyphenols bearing naphthalene skeleton were prepared by the methods reported previously [7] [8] [9] [10] . The GI values against cisplatin-resistant A2780/Cis ovarian cancer cells were measured using the clonogenic assay at four different concentrations (0, 5, 10, and 20 lM) based on the methods reported previously [11] . The half-maximal cell growth inhibitory concentration (GI 50 ) values were obtained as described previously [12] . All experiments were carried out by three times iteration. HQSAR was carried out using the QSAR/HQSAR module (Sybyl software, Tripos, St. Louis, MO) on Linux PC. Since HQSAR can be calculated using the molecular fragments, the two-dimensional structures of 35 polyphenols bearing naphthalene skeleton were obtained using the Sybyl/Sketch module (Tripos). Among 35 compounds used here, seven compounds (2, 5, 6, 14, 15, 26 , and 30) were used as the test set to validate the HQSAR model. The test set selected arbitrarily by hierarchical clustering analysis ( Figure S1 ) includes
. CoMFA was performed using the QSAR/CoMFA module (Tripos). Twenty-eight compounds except seven compounds chosen for the test set were used as the training set to generate the CoMFA model. The three-dimensional (3D) structures of the polyphenols for the CoMFA calculations were determined based on the 3D structures reported in PubChem (https://pubchem.ncbi.nlm.nih.gov) and their structural modifications followed the methods published previously [13] . The detailed experiments for HQSAR and CoMFA followed the methods published previously [14] .
Results and discussion
The cancer cell growth inhibitory effects of 35 polyphenols bearing naphthalene skeleton measured using the clonogenicity are shown in Fig. 1 , and their GI 50 values are listed in Table S1 . The derivative showing the best GI 50 value (2.60 lM) was derivative 35, 5-(2,3-dimethoxyphenyl)-3-(1-hydroxynaphthalen-2-yl)-N-(3,4,5-trimethoxyphenyl)-4,5-dihydro-1H-pyrazole-1-carbothioamide. All derivatives contained in the training set were aligned well ( Figure S2 ). In order to obtain the correlation between structural properties of 35 synthetic polyphenols and their GI 50 values against cisplatin-resistant A2780/Cis ovarian cancer cells, the partial least squares regression method was used. For the refinement, the region focusing method was used. Of several CoMFA models, a model showing the best cross-validation correlation coefficient (0.746) was selected. Its statistical data are listed in Table S2 . This model gave the steric and electrostatic field values of 0.587 and 0.413, respectively. Using this model, the GI 50 values of 28 derivatives in the training set were predicted (Table S3 ) and compared with experimental GI 50 values ( Figure S3 ). The residuals between two values ranged from 0.17 to 10.29. To confirm the reliability of the model, the GI 50 values of seven derivatives in the test set were predicted (Table S3 ). The residuals between the experimental GI 50 values and the predicted values ranged from 2.11 to 21.84. Therefore, the CoMFA model obtained here was concluded to be reliable. Its contour maps to visualize the steric and electrostatic field descriptors were generated as described previously ( Figure S4 ), where derivative 35 was used as a template molecule [15] . These contour maps give the reason why the direction of naphthalene skeleton is important for the activity. The derivatives in the first group (1-6) have the same direction of naphthalene skeleton as that of derivative 35 and showed middle range of GI 50 values. On the other hand, derivatives 7 and 11-21 having 2-hydroxynaphthalene-1-yl structure and showed poor activities. Derivatives 24-29 have the same naphthalene structure but showed middle range of GI 50 values from 13.58 to 17.49 lM. This is because a bulky group at N-1 position such as chlorophenyl or fluorophenyl would generate positive effects although the 2-hydroxynaphthalene-1-yl causes negative effects to the activity. In the next group, four derivatives (30-33) had 2-hydroxynaphthalene-1-yl but showed better activities than previous group of derivatives (24-29) generally. In this group of derivatives, bulkier group with additional carbothioamide at N-1 induces the activities. Both derivatives 34 and 35 have 1-hydroxynaphthalene-2-yl, but their GI 50 values are different. Derivative 35 had much higher activity compared to the activity of derivative 34. The only difference between two derivatives is N-(3,4,5-trimethoxyphenyl)-carbothioamide moiety at N-1. The derivatives which contain carbothioamide group (30-33, and 35) showed better GI 50 values compared to the GI 50 values of derivatives (24-29) which do not have the group. Therefore, the carbothioamide group and the direction of naphthalene skeleton would have an important role in the cancer cell growth inhibitory effects. Likewise, the electrostatic field descriptors could be separated into the electropositive group favored region (16%) and the electronegative group favored region (84%) ( Figure S4 ). For the derivatives 1-23, the electrostatic effects were not significant. Derivatives 25-35 have methoxy group at ortho position in the phenyl Fig. 1 The cell growth inhibitory effects of 35 polyphenols bearing naphthalene skeleton against cisplatin-resistant A2780/Cis ovarian cancer cells using the clonogenic long-term survival assay at four different concentrations, 0, 5, 10, and 20 lM Appl Biol Chem (2018) 61(6):697-701 699 ring substituted at C-5 of pyrazole and generally showed good cytotoxic activities. Also, the methoxy groups at meta-positions of the other phenyl ring connected to the carbothioamide were colored in blue. Derivatives 33 and 35 which have these methoxy substituents showed the best GI 50 values as 7.63 lM and 2.60 lM, respectively. Based on electrostatic field maps, positive-charged protons of the methoxy groups seem to increase activities. Two derivatives (34 and 35) share the identical structure except substituent at N-1 which were H for derivative 34 and N-3,4,5-trimethoxyphenyl carbothioamide for derivative 35. Comparison of these two derivatives supports the previous idea that negative-charged carbothioamide and positively charged methoxy protons at meta-positions affected cytotoxic activity positively. Unlike CoMFA, because HQSAR can be built based on the fragments of the molecules, it does not require the 3D structures. Therefore, the sketch structures of 35 polyphenols bearing naphthalene skeleton were used for HQSAR. Like CoMFA, seven derivatives including 2, 5, 6, 14, 15, 26, and 30 were selected as the test set. Its statistical data are listed in Table S4 . The GI 50 values of 28 derivatives in the training set predicted using this HQSAR (Table S5) were compared with the GI 50 values obtained from the in vitro experiments ( Figure S5 ). The residuals between two values ranged from 0.53 to 24.9. To confirm the reliability of this model, the GI 50 values of seven derivatives in the test set were predicted (Table S4 ) and the residuals between the experimental data and the predicted values ranged from 2.15 to 13.19. As a result, this model obtained here was concluded to be reliable. The contribution maps of the HQSAR model were generated as different colors, and their detailed explanation is described in the caption of Figure S6 .
A natural polyphenol contained in green tea epigallocatechin-3-gallate acts as an apoptosis inducer by the DNA damage and a proliferation inhibitor by the reduction of DNA synthesis in human SKOV-3 ovarian cancer cell lines [16] . The mechanism of a tetrahydroxy chalcone and butein inducing apoptosis in human ES-2 ovarian cancer cells has been reported [17] . Polyphenols known as components of black tea, theaflavin-3,3
0 -digallate, theaflavin-3 0 -gallate, theaflavin-3-gallate, and theaflavin inhibit angiogenesis in ovarian cancer cells, which were tested by enzyme-linked immunosorbent assay of vascular endothelial growth factor [18] . A polyphenol isolated from Combretum molle and punicalagin shows cytotoxic effects against human A2780 ovarian cancer cells via the inhibition of b-catenin signaling [19] . The study on quantitative relationships between polyphenols and the cisplatin-resistant ovarian cancer cells has been reported [6] . However, this study was performed on polyphenols containing cinnamaldehyde scaffold which are different from the current polyphenols with naphthalene skeleton. In addition, the current research adopted HQSAR method unlike the previous study where comparative molecular similarity index analysis method was used.
Based on the results obtained from the CoMFA model and the HQSAR model, pharmacophores to show better inhibitory effects against the growth of cisplatin-resistant A2780/Cis ovarian cancer cells can be derived as shown in Fig. 2 . A direction of naphthalene attachment at C-3 of pyrazole is important. Naphthalene-2-yl was favored, while naphthalene-1-yl was not. A bulky substituent group at N-1 position is favored. The electron donating group such as sulfur of carbothioamide group and withdrawing groups at specific positions would increase the inhibitory effect against the cancer cell growth. The design and synthesis of novel polyphenols satisfying pharmacophores are remained for future study. 
